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This is an interim report which summarizes work during the 
past six months on a theoretical study of some aspects of the 
interaction between a drifting stream of electrons with transverse 
cyclotron motions a,nd an electromagnetic field. Particular emphasis 
is given to the possible generation and amplification of millimeter 
waves. This report includes a discussion of two aspects of the 
theory of cyclotron resonance oscillators. First, the start oscil- 
lation conditions for a cyclotron resonance oscillator are discussed 
using the results of digital computer calculations based on a small 
signal, .coupled mode theory of the device, Second, the formulation 
of a large signal analysis of the cyclotron resonance oscillator 
to explore those factors which determine the saturation power output 
and efficiency is discussed. 
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1, INTRODUCTION 
The o b J e c t i v e  of this research program is to e x p l o r e  theareti- 
c a l l y  some aspec t s  of' t h e  i n t e r a c t i o n  between a drifting stream 
of' electrons having transverse cyclotron motions and an e l e c t r o -  
magnetic field; particular emphasis being given to the possible 
generation and amplification of millimeter waves. Because of the 
interest in possible applications to millimeter wavelengths, this 
study concentrates on electron stream-electromagnetic field inter- 
actions which involve an uniform, or fast-wave, circuit structure or 
a cavity of simple shape. 
This report discusses two aspects of the theory of the cyclotron 
resonance oscillator based on the model of a spiraling filamentary 
electron beam drifting through a rectangular cavity of square cross 
section. In Section 11, the start oscillation conditions for the 
cyclotron resonance oscillator are summarized, This discussion is 
based on a small signal, coupled mode analysis and presents 
results of fairly extensive calculations. Section I1 is essentially 
the text of a paper, "Start Oscillation Conditions for Cyclotron 
Resonance Oscillators," by P. R ,  McIsaac and J, F. Rowe, Jr,, which 
was presented at the Eighth International Conference on Microwave and 
Optical Generation and Amslification, September 1970, in Amsterdam 
(MOGA T O ) .  
Section I11 discusses some aspects of the formulation of a 
large signal analysis of' the saturation effects in cyclotron 
resonance oscillators, A digital computer program has been developed 
to provide numerical results f o r  typical parameter values for the 
c y c f a t r s n  pesonance sseil%ator i n  o r d e r  to e x p l o r e  those f a c t o r s  which 
determine the saturation of the power o u t p u t  and t h e  r e s u l t i n g  
oscillator efficiency, 
11, START OSCPLL,ATION CONDITIONS FOR CYCLOTRON RESONANCE OSCILEATBRS' 
A ,  Introduction 
The cyc lo t ron  resonance oscillator u t l l l z e s  t h e  interaction 
between t h e  e l ec t romagne t i c  f i e l d s  oP a c a v i t y  and a s p i r a l i n g  e l e c -  
t r o n  beam d r i f t i n g  through t h e  c a v i t y  a long  a  l o n g i t u d i n a l  magnetic 
f i e l d .  The i n t e r a c t i o n  can produce an o s c i l l a t i o n  a t  a  frequency 
c l o s e  t o  t h e  r e l a t i v i s t i c  cyc lo t ron  frequency of t h e  e l e c t r o n s .  T h i s  
paper  d e s c r i b e s  t h e  use of a  small s i g n a l ,  coupled mode a n a l y s i s  t o  
determine t h e  s t a r t  o s c i l l a t i o n  cond i t i ons  f o r  t h e  cyc lo t ron  reson-  
ance o s c i l l a t o r .  The dependence of t h e  s t a r t  o s c i l l a t i o n  beam c u r r e n t  
on t h e  loaded Q and dimensions of t h e  c a v i t y ,  and on t h e  d-c magnetic 
f l u x  d e n s i t y  Bo i s  d i s cus sed  f o r  t y p i c a l  beam and c a v i t y  parameters .  
The model employed f o r  t h i s  a n a l y s i s  assumes a s p i r a l i n g  f i l a -  
mentary e l e c t r o n  beam d r i f t i n g  through a  r e c t a n g u l a r  c a v i t y  of square  
c r o s s  s e c t i o n  ( h e i g h t  = width = a )  wi th  i t s  l e n g t h  L a d j u s t e d  s o  t h a t  
t h e  TEIOl r esonant  frequency i s  c l o s e  t o  t h e  cyc lo t ron  frequency.  
R e l a t i v i s t i c  e f f e c t s  a r e  inc luded  i n  t h e  a n a l y s i s ;  t h a t  i s ,  magnetic 
a s  w e l l  a s  e l e c t r i c  f o r c e s  on t h e  e l e c t r o n s  a r e  cons idered ,  and de- 
pendence of  t h e  e l e c t r o n  mass on t h e  v e l o c i t y  i s  inc luded .  Space 
charge f o r c e s  a r e  neg l ec t ed .  For t h e  p h y s i c a l  d e t a i l s  o f  exper imenta l  
cyc lo t ron  resonance o s c i l l a t o r s ,  r e f e r e n c e  may be made t o  t h e  
l i t e r a t u r e .  2 , 3 9 4 9 5  
B. Coupled Mode Theory 
A coupled mode theory  f o r  t h e  i n t e r a c t i o n  between a  s p i r a l i n g  
f i l amentasy  e l e c t r o n  beam and t h e  e l ec t romagne t i c  f i e l d s  of  an uniform 
"ext of paper presented at Eighth International Conference on Micro- 
wave and O p t i c a l  Generga"efon and Ampllfieation, Septennbe~ %9W0, 
Amsterdam, 
3 
(positive and negative circularly polarized waves in both the forward 
and reverse directions), while the electron beam has s i x  waves, The 
beam waves can be labeled by t h e i r  characteristic form in t h e  limiting 
case of a straight filamentary electron beam: two cyclotron waves, 
two synchronous waves, and two (degenerate) space charge waves. It 
was found that significant interaction occurs between six of' these 
waves; the forward and reverse, positive circularly polarized, circuit 
waves, and the two cyclotron and two degenerate space charge waves of 
the electron beam. 
Figure 1 shows the o-$ diagram for these six waves in the 
coupled system. It should be noted that the curves for the two 
circuit waves and the two cyclotron waves have been shifted horizon- 
tally by nBc; this simplifies the form of the coupled mode equations 
and their solutions in the spiraling electron beam case. Here, 
2 % n = (1 - (vO/c) and Bc = wC/vOZ, where wc = eBo/mo is the non- 
realistic cyclotron frequency. Mote that there is a pair of waves with 
complex conjugate propagation constants in the coupled system at both 
the lower and upper intersection points of the uncoupled system, How- 
ever, it is found that amplification or oscillation occurs only in 
the neighborhood of the upper intersection point. The start oscil- 
lation calculations are based on this coupled mode theory which is 
applied to the one-port amplifier shown in Figure 2. The interaction 
space is a half wavelength cavity shorted at the right, through which 
the spiraling electron beam drifts from left to right. On the left, 
1 
an input wave F+i which is positive circularly polarized relative to 
Bo is incident on the interaction region, and the output circuit wave 
r 
G,o, also positive c i r c u l a r l y  polarized r e l t a i v e  t o  Bo, propagates to 
t h e  l e f t ,  The various c i r c u i t  and beam parameters are  ad jus ted  until 
0 17Pc .. F i g u r e  2 .  S 
r e  1. w - B  d iag ram f o r  i n t e r a c t i o n  c v c l o t r o n  r e  
between a  s p i r a l i n g  f i l a m e n t a ~ y  e f e c -  
9ro beam and a wayeguide.  F+, G+ a r e  
I ? s i t i v e , c i r ~ u l a r l y  p o l a r i z e d  c i r c u i t  / ' 
.llaves; P+ ,  P- are  beam c y c l o t r o n  waves; 
' 1 ,  d r e  beam ( d e g e n e r a t e )  s p a c e  c h a r g e  
chernat ic  Diagram o f  a  
sonance  o s c i l l a t o r .  
! 1 
the amplifier gain G+o/F+j i s  i n f i n i t e ;  t h i s  determines the start 
oscillation condition, 
The electron beam parameters are the normalized ax ia l  and 
$ransverse velocities, a = 
z /C and 5 = ~ o ~ r ~ / c  (where r is the d-c 0 
beam radius), and the d-c beam current Io. The cavity parameters, 
in addition to L and a, are Qo, Q,, and QL. Losses in the cavity 
walls are included, with Qo adjusted to account for copper walls. In 
this model Qx is varied by changing the assumed characteristic . 
impedamce of the output waveguide. 
The general form for the solution of six coupled mode equations 
is known. For a given set of parameter values, a digital computer is 
used to evaluate the propagation constants for the coupled waves (in 
the neighborhood of the upper intersection point on the w-B  diagram) 
and to evaluate the wave amplitudes and phases which are fixed by the 
t t 
boundary conditions. Then the computer calculates the gain G+o/F+i, 
for the one-port amplifier. The parameter values that must be chosen 
are o, 5 ,  a (or fc0), Qo, nfc, L and Io. For each set of these 
parameters, pairs of values for 9, and the start oscillation frequency 
fso are successively guessed and the gain is calculated. When a pole 
in the gain is achieved (in practice a gain in excess of 100 is 
accepted), the set of parameter values is taken to be the start 
oscZllatlon condition, Although this is $rial-and-error procedure, 
the parameter range for oscillation is limited, and experience enables 
start oscillation conditions to be attained within a few tries. Thus, 
i n  practice the procedure is rapid and not expensive in computer time. 
For a given value o f  the d-c magnetic f i e l d  there is o n l y  a 
limited range o f  c a v i t y  l e n g t h  which s rd l% produce  oscillation, It 1s 
P o s s i b l e  t o  optimize the eomblnation s f  n f ,  and 1, far f i x e d  values o r  
t h e  o t h e r  parameters to produce start oscillation for the minimum 
Q L e  In general, this optimization was n o t  attempted In thls investi-- 
g a t i o n ,  Most sf t h e  calculations were made w l t h  a cavity length L 
such t h a t  t h e  c a v i t y  TEIOl resonance  occur red  a t  a f requency  f o  = 1 .01  
f c .  However, i t  became appa ren t  i n  t h e  s t udy  t h a t  a more optimum 
va lue  would have been w i t h  I, such t h a t  f o  = 1.005 n f C ,  and some d a t a  
were t aken  w i th  t h i s  v a l u e .  
A l l  of t h e  d a t a  p r e s e n t e d  i n  F igu re s  3 th rough  7 a r e  f o r  u = 0.01, 
c = 0.20,  and f c 0  = 9  GHz ( a  = 1.6655 cm). 
C .  S t a r t  O s c i l l a t i o n  Condi t ions  
F igu re  3 shows t h e  s t a r t  o s c i l l a t i o n  beam c u r r e n t  I. v e r s u s  QL 
w i t h  L/a as a paramete r  f o r  f o  = 1 .01  n fc .  Note t h a t  t h e  v a r i o u s  
cu rve s  a r e  n e a r l y  s t r a i g h t  l i n e s .  It i s  found t h a t  i n  t h e  range  
0 . 9  < L/a < 1.5,  I. v a r i e s  approx imate ly  as l/QL i n  agreement w i t h  
exper iment .  For  L/a < 0 .9 ,  I. d e c r e a s e s  more r a p i d l y ,  and f o r  
L/a > 1 .5 ,  I. d e c r e a s e s  more s lowly  t h a n  l/QL. Limited  c a l c u l a t i o n s  
of I, v e r s u s  QL f o r  a  c a v i t y  w i t h  f c o  = 90 GHz gave r e s u l t s  which 
co inc ided  wi th  t h e  curves  shown f o r  f o  = 9 GHz. It i s  presumed t h a t  
t h e  r e ~ u l t s  ob t a ined  h e r e  can be s c a l e d  th roughout  t h e  microwave and 
m i l l i m e t e r  wavelength r ange ,  
The i n f l u e n c e  o f  t h e  a x i a l  v e l o c i t y  pa ramete r  a was b r i e f l y  
examined. For I. = 1 .0  mA,  L/a = 2.2,  and 5 = 0.20,  c a l c u l a t i o n s  f o r  
a = 0 . 0 2  and 0 .03 were made. It  was found t h a t  For  a = 0.02,  t h e  
start o s e i l l a t l o n  QL was increased by a f a c t o r  o f  f i v e ,  wh i l e  f o r  
0 = 0 .03 ,  no start oscillation condition could be achieved,  Thus, we 
conclude that the start oscillation conditions are a sensitive 
funetlsn o f  t h e  a x i a l  d r i f t  v e l o c i t y ,  
Figure 4 shows t h e  s t a r t  oscillation current L versus & for 0 L 
the same beam and c a v i t y  parameters as F i g u r e  3, but with fo = 1.005 
q f c .  Note t h a t  the general shape of the c u r v e s  is s i m l l a r  t o  the 
p r e v i o u s  f i g u r e ,  b u t  t h e  c u r v e s  a r e  s h i f t e d  t o  lower v a l u e s  of  QL. 
These c u r v e s ,  t o g e t h e r  w i t h  o t h e r  c a , c u l a t i o n s ,  i n d i c a t e  t h a t  t h i s  
combinat ion o f  L/a and n f c  i s  n e a r l y  optimum. 
For  r e f e r e n c e ,  F i g u r e  5  shows t h e  v a r i a t i o n  of  t h e  s t a r t  o s c i l -  
l a t i o n  f requency  w i t h  c a v i t y  l e n g t h ,  p l o t t i n g  fso/fco v e r s u s  L/a. 
T h i s  cu rve  i s  o n l y  approximate ,  s i n c e  t h e r e  i s  some f requency  push ing  
a s  I. i s  v a r i e d ,  and a l s o  t h e  o s c i l l a t i o n  f requency  s h i f t s  s l i g h t l y  
a s  n f c  i s  v a r i e d  a t  f i x e d  L/a. However, t h e s e  e f f e c t s  are n e g l i g i b l e  
on t h e  s c a l e  of t h i s  f i g u r e .  Note t h a t  s t a r t  o s c i l l a t i o n  c a . l c u l a t i o n s  
have been made o v e r  a  f requency r a n g e  of abou t  t h r e e  t o  onee  
F i g u r e  6 shows c u r v e s  o f  L/a v e r s u s  QL a t  s t a r t  o s c i l l a t i o n  w i t h  
t h e  d-c beam c u r r e n t  I. a s  t h e  pa ramete r  f o r  f o  = 1 . 0 1  n f , .  For  
< 
I. " 0 . 5  mA,  t h e r e  i s  an optimum v a l u e  f o r  L/a f o r  which t h e  QL a t  
s t a r t  o s c i l l a t i o n  i s  minimum. For  I. = 0 . 1  mA,  s t a r t  o s c i l l a t i o n  con- 
- > d . i t i o n s  a r e  o b t a i n e d  on ly  f o r  0 .5  L/a 3. For  I0 v 0 .8  mA,  t h e r e  
i s  a p p a r e n t l y  no optimum v a l u e  f o r  L/a, and a s  L/a i s  i n c r e a s e d ,  QL 
f o r  s ta r t  o s c i l l a t i o n  d e c r e a s e s  monoton ica l ly .  Thus a t  a  d-c beam 
c u r r e n t  between 0 .5  and 0.8 m A ,  t h e  c h a r a c t e r  of  t h e  c u r v e s  changes .  
F i g u r e  7 shows curves  o f  L/a v e r s u s  QL a t  s t a r t  o s c i l l a t i o n  f o r  
f o  = 1.005 n f c .  Note t h a t  t h e s e  c u r v e s  a r e  s h i f t e d  upward toward 
h l g h e ~  v a l u e s  of QL compared t o  t h e  c u r v e s  i n  F igu re  6 .  T h i s  a g a i n  
i n d i c a t e s  t h a t  t h i s  combinat ion  o f  L/a and n f c  i s  more nearly optimum 
for start oscillation o f  the c y c l o t r o n  resonance oscillator at a 
g i v e n  d-c beam current, 
' QL 
Figure 3 .  ~ t a r t ' ~ . o s c i l l a t i o n '  d-c beam 
c1:r.r.en-b L o  v e r s u s  QL' ( f ,  = 1 . 0 1  n f , ) .  
F i g u r e  4 .  S t a r t  o s c i l l a t i o n  d-c 
beam c u r r e n t  I. v e r s u s  QL ( f o  = 1 . 0 0 5 n f c ) .  
\L /a  
Figure 5 .  R a t i o  o f  s t a r t  o s c i l l a t i o n  
c f r e q u e n c y  t o  wavegu ide  c u t o f f  f r e -  
q u e n c y ,  f s o / f  , v e r s u s  r a t i o  o f  c a v i t y -  
l e n g t h  t o  widER, L / a .  
\ 
1 Q L  
F i g u ~ t ?  6. R a t i o  'of c a v i t y  l e n g t h  t o  
width, ' l / a ,  v e r s u s  Q , a t  s t a r t  o s c i l -  
lation (fo = l . 0 l n f c ? .  
01 I 1 
1 0  I o2 I o3 
QL 
F i g u r e  7 .  R a t i o  o f  c a v i t y  l e n g t h  t o  
w i d t h ,  L/a ,  v e r s u s  QL a t  s t a r t  o s c i l -  
l a t i o n  ( f o  = 1 . 0 0 5 ~ i f ~ ) .  
911 the c u r v e s  in Yigure  7 s h o w  a monetonjr d e c r q c s e  of O as 
511 
L/rr 1s i n c r e a s e d .  T h a t l i s ,  n o  opcinz1.r~ va?~lc.  z f  i,Ja existss, a t l e a s t  
r: e f o r  0-1 - I - 1,0 mA, and t n e s e  curves are s l y  s i n l L z r  d o  t h e  curves 
6, 
> i n  Frfgure 6 for t b c  Ial'ger beam c u r r e n b  1 s 0 0 ,  8 mA, S'bis suggests 
i? 
t h a t  t h e  change i n  t h e  c h a r a c t e r  o f  t h e  c u r v e s  i n  F i g u r e  6 a s  t h e  d-c 
beam c u r r e n t  i s  d e c r e a s e d  i s  caused  by che  non-optimum combina t ion  of  
L/a and nf,. Fo r  t h e  optimum combina t ion  o f  L/a and  n f c ,  s t a r t  
o s c i l l a t i o n  c a n  presumably  be  a c h i e v e d  down t o  low v a l u e s  o f  QL f o r  
?ow v a l u e s  o f  d-c beam c u r r e n t  by i n c r e a s i n g  L/a; t h a t  i s ,  by o p e r a t i n g  
c l o s e  t o  t h e  c u t o f f  f r e q u e n c y  f c 0  of  t h e  waveguide.  Refe rence  t o  t h e  
doupled  mode t h e o r y b  shows t h a t  t h e  c o u p l i n g  p a r a m e t e r  i n v o l v e s  t h e  
waveguide impedance which approaches  i n f i n i t y  a t  f c o  Tor TE modes. 
However, i f  t h e  combina t ion  o f  L / a  and n f ,  i s  n o t  optimum, t h e n  t h e  
r a n g e  o f  beam c u r r e n t s  f o r  which s t a r t  o s c i l l a t i o n  a t  low v a l u e s  o f  
QL can  be a c h i e v e d  i s  l i m i t e d .  I n  t h i s  c a s e  one f i n d s  a beam 
c u r r e n t  l e v e l  below which o n l y  a minimum v a l u e  o f  QL can  be o b t a i n e d  
a t  a f i n i t e  v a l u e  o f  L/a,  a s  shown by t h e  c u r v e s  i n  F i g u r e  6 f o r  
1 0 , 5  mA. There  i s  some i n d i e a t i o n  t h a t  t h e  s t a r t  o s c i l l a t i o n  0 
c o n d i t i o n s  may change f o r  v e r y  l a r g e  v a l u e s  o f  L/a, b u t  t h i s  h a s  n o t  
y e t  been e x p l o r e d .  
The s e n s i t i v i t y  o f  t h e  s t a r t  o s c i l l a t i o n  fYequency t o  t h e  d-c 
beam c u r r e n t  c a n  b e  d e t e r m i n e d  by comparing t h e  s t a r t  o s c i l l a t i o n  f r e -  
quency fs,  t o  t h e  upper  i n t e r s e c t i o n  f r e q u e n c y  f U  on t h e  0 - 6  d iag ram 
f o r  t h e  beam-c5rcui t  sys t em i n  t h e  l i m i t  o f  z e r o  c o u p l i n g .  It i s  
found  t h a t  f o r  t h e  optimum combina t ion  o f  L/a  and  o f c  (i.e., 
< fG = 1.005 nfo),l~f'i % 0.002 f U ,  where d f  = jTso - fl?e For  l a rge  v a l u ~ s  
%# 
> 
Of '  L/a (e,g,, L\a "J 3 ) ,  Af is positive and dec rease s  w i t h  h n c ~ ~ e a s l n g  
beam c u r r e n t ,  For srnal2.e~ valrxes of L6/a, $ P  i nc reases  with in- 
5reaslalg beam c u r r e n G  i n  t h i s  range ::f 3 s  positive f o r  moclerate 
< 
values o f  L/"a and nega t lvc  for.  sma14 v a i v e s  (e , g , ,  L j a  I,?) It is 
es"cimateed "eat a value o f  L/a between 2,5 and 3 will produce  8 stapt 
o s c i l l a t i o n  f requency t h a t  1s approximately independent  o f  t h e  d-c 
beam c u r r e n t  i n  t h e  range  from 0 . 1  t o  1 . 0  mA. 
1x1, LARGE SIGCdAL ANALYSIS OF THE C"SGS;'TRON RESONANCE OSCILLATOR 
A, Oscillator Model and Assumptions 
The model of the c y c l o t r o n  resonance oscillator adopted f o r  the 
l a r g e  signal analysis Is slmflar to the one used f o r  the small signal 
analysis of the start oscillation conditions. A spiraling filamentary 
electron beam is assumed to drift through a rectangular cavlty of 
square cross section, The oscillator output is taken at the cavity 
end where the electron beam enters (see Figure 2). Several of the 
simplifying assumptions that have been made are 1-isted below, 
1. The cavity walls are perfectly conducting, so the cavity 
is lossless. 
2. The electron beam is filamentary, and space charge forces 
are neglected. 
3. The electron beam is assumed to be mono-velocity at any cross 
section (although both the d-c and a-c beam velocity may 
vary axially along the interaction cavity). 
4 ,  The electron beam orbiting radius is much less than the 
cavity transverse dimension. 
5. The transverse electromagnetic fields in the cavity, both 
homogeneous and inhomogeneous components, are assumed to 
vary sinusoidally across the cavity, and only interaction 
with the lowest resonant mode of the cavity is considered. 
Within the interaction cavity, the basic equations for the 
system are: 
P- 
Here, E and are the a-C electromagnetic fields of the interaction 
cavity, Ho is the axial d-c magnetic field which determines the 
electron beam cyclotron frequency, p and ? are the electron beam 
charge and current densities, and 7 is the electron beam velocity. 
Note that relativistic effects are included in Equation (3); mo is the 
electron rest mass and e is the magnitude of the electron charge. 
'?he boundary conditions for the system are the following: a) the 
electron beam enters the interaction cavity unmodulated (the a-c 
- 
values of' p ,  J, and 7 are zero at the electron beam input), b) the 
tangential electric field at the collector end of the cavity is zero, 
and c) the transverse values of the electric and magnetic fields at 
the cavity output (the cavity end where the electron beam enters) 
must be consistent with the power output of the oseillator, 
To solve the equations for the electron beam - cavity inter- 
action, it is assumed that the oscillator has reached a steady state, 
and that the oscillator output consists of a periodic signal composed 
of a strong fundamental frequency component (close to the cavity 
resonant frequency and the electron beam cyclotron frequency) plus 
the harmonics of the fundamental frequency, A digital computer is 
used to integrate the equation of motion, Equation ( 3 ) ,  through the 
interaction cavity Prom the electron beam input to the c o l l e c t o r ,  
Sfnce  this t n t e g r a t i o n  is done numerically in finite steps, the 
electron b e a ~  is decomposed i n t o  a series o f  d i s c r e t e  charge groups ,  
and eight charge groups  per r-f c y c l e  have been used, It was found 
that in order t o  obtain a s t a b l e  solution, the axial step length 
a long  the c a v i t y  for the Sntegratlon must be a small S r a c t l o n  of the 
electron beam d-c h e l i x  p l t c h ,  For a step length corresponding to 
1/800 of the d-c helix pitch the electron beam was found to be stable 
indefinitely, and the cumulative error in the d-c bean1 parameters for 
no r-f interaction was about 0.1% for a total length of 40 d-c beam 
cycles (this corresponds to the typical cyclotron resonance oscillator 
length). Increases in step size resulted in rapid error growth. It 
is anticipated that all computing runs will be done with this step 
length of 800 per d-c beam cycle. 
To solve the equations for the electromagnetic fields, Equations 
(I) and ( 2 ) ,  the fields are expressed as a Fourier series consisting 
of the fundamental oscillation freq,uency and its harmonics. Further, 
the fields are divided into two parts: the homogeneous fields (at 
the fundamental frequency only) which are solutions to the homogeneous 
part of Equations (1) and (2) and represent the ordinary standing- 
wave fields for the lowest cavity resonant mode; and the inhomogeneous 
fields (these include components at the fundamental frequency and its 
harmonics) which are the solution to the inhomogeneous parts of 
Equations (1) and (2) with the electron beam charge and current 
densities as the driving terms. 
The solution procedure can be described qualitatively in the 
following way, The spiraling electron beam enters the cavity and is 
acted on by the homogeneous r - E  electromagnetic fields, As a result, 
the electron beam becomes distorted in form as position modulation 
appears, A Fourier analysis of t h e  beam variables i s  performed at 
Periodically spaced a x i a l  tntervals, and 'based on certain " s l o w l y  
v a r y i n g "  assumptions on t h e  Fourier eoefficlents, approximate  closed- 
form expressions $or the inhomogeneous fields can be generated. These 
fields are fed back i n t o  t h e  equations o f  motion f o r  t h e  charge g roups  
so t h a t  t hey  can be i n t e g r a t e d  a long  t h e  l e n g t h  of  t h e  c a v i t y .  
An i n i t i a l  guess must be made of t h e  o s c i l l a t o r  power ou tpu t  and 
t h e  fundamental o s c i l l a t i o n  frequency f o r  a  g iven s e t  o f  e l e c t r o n  
beam and c a v i t y  parameters .  I f  t h i s  guess  i s  c o r r e c t ,  t hen  t h e  
s o l u t i o n  procedure  w i l l  y i e l d  an a x i a l  l o c a t i o n  (about  a h a l f  wave- 
l e n g t h  a long  t h e  c a v i t y )  a t  which t h e  homogeneous e l e c t r i c  f i e l d  and 
t h e  inhomogeneous e l e c t r i c  f i e l d  combine t o  g ive  a n u l l .  A t  t h i s  lo-  
c a t i o n ,  t h e n ,  t h e  c o l l e c t o r  end w a l l  of  t h e  c a v i t y  may be p l aced ,  
and t h e  boundary cond i t i ons  s a t i s f i e d .  
B .  Computer Program Flow Diagram 
The computer program flow diagram i s  shown i n  F igure  8.  I n  o r d e r  
t o  minimize t h e  running t ime f o r  t h e  program, t h e  inhomogeneous 
e l ec t romagne t i c  f i e l d  c o e f f i c i e n t s  a r e  no t  a d j u s t e d  a t  each a x i a l  
i n t e g r a t i o n  s t e p .  Rather ,  they  a r e  updated once each d-c e l e c t r o n  
beam cyc l e .  Th is  i s  j u s t i f i e d  by t h e  observed r e s u l t  t h a t  f o r  a l l  
t h e  paramete rs  t r i e d  s o  fa r ,  t h e  inhomogeneous f i e l d s  a r e  much s m a l l e r  
than  t h e  homogeneous f i e l d s  over  a l l  t h e  c a v i t y  l e n g t h  except  f o r  t h e  
reg ion  a d j a c e n t  t o  t h e  c o l l e c t o r  w a l l ,  There fore ,  smal l  e r r o r s  i n  
t h e  inhomogeneous f i e l d s  used f o r  i n t e g r a t i n g  t h e  equa t ions  o f  motion 
f o r  t h e  charge groups w i l l  produce l i t t l e  e r r o r  i n  t h e  s o l u t i o n ,  
The e l e c t r o n  beam and c a v l t y  paramete rs  t o  be i n v e s t i g a t e d  have 
been chosen t o  approximate t hose  used by Kulke in his experimental 
cyclotron resonance asc l . l . l a ta r , '  These pammeters are l i s t e d  in 
Table 3.. 
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DOWNSTREAM CAVITY PARAMETERS IN IT IAL  
ENTRY ENTRY 
READ IN CHARGE 
GROUP VELOCITIES COMPUTE AND SET 
AND POSITIONS INITIAL CONDITIONS 
NON- HOMOGENEOUS 
COEFFICIENTS ? 
PRINT OUT BEAM 
AND FIELD DATA 
CROSS-OVER 
FOURIER ANALYSIS 
FIELD PARAMETERS 
TABLE 1. Cavi ty  and E l e c t r o n  Beam Parameters  
C a v i t y :  l e n g t h  = 2.14 cm 
c r o s s  s e c t i o n  = 2 . 2 9  x 2.29 cm 
Beam: d-c c u r r e n t  = 5.5 mA 
a x i a l  d r i f t  v e l o c i t y  = 0 . 0 1 8 1 3 ~  
( 8 4  v o l t s  a x i a l  e n e r g y )  
t r a n s v e r s e  v e l o c i t y  = 0 . 2 3 5 6 ~  
(15 k i l o v o l t s  t r a n s v e r s e  energy)  
a x i a l  magnetic  f i e l d  = 3439 gauss  
o r b i t i n g  f requency = 3.352 GHz 
o r b i t i n g  r a d i u s  = 0.120 cm 
c a v i t y  l e n g t h  i n  d-c beam c y c l e s  = 37.75 
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